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Abstract: We describe the use of fiber Brillouin amplification (FBA) for 
the coherent transmission of optical frequencies over a 480 km long optical 
fiber link. FBA uses the transmission fiber itself for efficient, bi-directional 
coherent amplification of weak signals with pump powers around 30 mW. 
In a test setup we measured the gain and the achievable signal-to-noise ratio 
(SNR) of FBA and compared it to that of the widely used uni-directional 
Erbium doped fiber amplifiers (EDFA) and to our recently built bi-
directional EDFA. We measured also the phase noise introduced by the 
FBA and used a new and simple technique to stabilize the frequency of the 
FBA pump laser. We then transferred a stabilized laser frequency over a 
wide area network with a total fiber length of 480 km using only one 
intermediate FBA station. After compensating the noise induced by the 
fiber, the frequency is delivered to the user end with an uncertainty below  
2×10-18 and an instability σy(τ) = 2×10-14 /(τ/s). 
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1. Introduction 
The development of optical frequency standards (optical clocks), will eventually lead to a new 
definition of the second [1]. One perquisite for a future redefinition is a suitable method to 
disseminate such ultra- stable optical frequencies over long distances. Optical fibers are 
particularly suited to transfer such frequencies to a distant user, provided that the attenuation 
of the signal and frequency fluctuation introduced by the acoustic and thermal fluctuations on 
the fiber are compensated. Such a compensation scheme requires to reflect part of the light 
back to the transmitting station to form a phase detection interferometer, which means that 
part of the light has to travel twice the distance to the destination [2]. In optical frequency 
transfer applications, Erbium doped fiber amplifiers (EDFA) are currently used to amplify the 
signal coherently. Typically, two uni-directional EDFA are used to amplify light in each 
direction [3]. The problem of using two separate EDFA is not only that the system will 
become more complex but also that the assumption that the forward and the return directions 
have the same noise will break down. Thus uncompensated residual noise will increase. To 
avoid this, we have recently built a bi-directional EDFA using the same gain medium for 
amplification of light in both directions [4, 5]. However, we have observed saturation of the 
gain medium and lasing effects caused mainly by Rayleigh scattering [6]. As a consequence 
the gain of the bi-directional EDFA has to be kept below 25 dB. In an amplifier chain, the 
signal-to-noise ratio of the EDFA is degraded due to amplified spontaneous emission (ASE) 
when the power of the input signal drops below a certain limit. Therefore, the distance 
between two bi-directional EDFAs is limited to less than 120 km. In consequence, the number 
of intermediate amplifier stations in an envisaged 900 km fiber link in Germany [7, 8] will 
increase, as well as the effort of controlling and maintaining these stations.  
In order to keep the number of intermediate stations as low as possible, we have investigated 
the use of fiber Brillouin amplification (FBA) [9, 10, 11] as an alternative technique. This 
technique enables the amplification of a very small input signal (a few nano Watt) by more 
than 50 dB in a single gain step, with relatively low pump powers (about 30 mW). Moreover, 
it enables bi-directional amplification because it uses the fiber itself as the gain medium and 
different sections of the same fiber for each direction.  
In section 2 we give a brief overview about the main properties of FBA, describe a test setup 
used to compare the amplification and signal-to-noise ratio (SNR) of FBA with that of our 
home-made bi-directional EDFA. We describe a measurement of the phase noise introduced 
by FBA and a new and simple method to stabilize the pump frequency for FBA, using the DC 
power of the stimulated Brillouin scattering (SBS) signal. In section 3 we demonstrate, for the 
first time, an optical frequency transfer over 480 km fiber link of a wide area network using 
FBA. In this case different parts of this fiber link act as gain medium for the FBA process and 
pump lasers were installed at the local and user ends, and at one intermediate station. The 
instability, the accuracy and the residual phase noise of the transmitted optical frequency are 
presented.
2. Fiber Brillouin amplification (FBA) 
Stimulated Brillouin scattering (SBS) is a nonlinear process which results from the interaction 
of light with stimulated acoustic waves. In fused silica single mode fibers, acoustic waves 
with velocity vA (vA≈ 6 × 103 m/s) back-scatter light and shift down its frequency by (νB = 
2 n vA/ λ). This shift frequency is about 11 GHz for refractive index n = 1.451, and a wave-
length of λ = 1.5 µm. The threshold power for SBS is given by [12, 13, 14]: 
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where A is the effective mode area of the fiber (1 × 10-10 m2), and γ is the gain coefficient of 
the nonlinear process (5 × 10-11 m/W). The effective gain length is Leff = (1-eαL)/α, therefore 
Leff ≈ 21 km for an attenuation coefficient of α = 0.2 dB/km. The Brillouin linewidth depends 
on the life time of the scattered excitation (τB), ∆νB = 1/piτB Hz. For a 148 km long fiber we 
measured an SBS linewidth of 10 MHz. We used a laser with linewidth of about ∆νlaser = 
5 kHz, which is much narrower than ∆νB. Therefore, the SBS threshold power is only 1 mW 
according to equation (1). 
If a pump laser with a power (Ppump) is injected in the fiber, it will cause SBS with a gain of 
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A
PL
g pumpeff
γ
=
  
(2) 
If a signal is injected in opposite direction to the pump laser and with a frequency shifted 
down by the SBS frequency (νB), it will be amplified by a process called fiber Brillouin 
amplification (FBA) [10, 11]. Due to the high gain of the Brillouin process (9 dB /mW) 
(Equation 2), very weak signals can be amplified with a very high gain using only few mW of 
pump power.  
 
2.1 Amplification and signal-to-noise ratio  
For measuring the amplification due to FBA we performed a simple test. We used a 25 km 
spool of single mode fiber (SMF28) as FBA gain medium and narrow linewidth fiber lasers as 
pump and signal lasers. These lasers have a wavelength of λ = 1542 nm, a linewidth of about 
5 kHz, up to 100 mW output power and a tuning range of about 2 nm. As described in [15], 
the signal laser is stabilized to our optical frequency reference to reach a linewidth of about 
10 Hz.  
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Fig. 1: Set-up to measure the amplification of FBA or EDFA: VA: variable attenuator, PD: photodetector, signal: 
signal laser with isolator, pump: pump laser, AOM: acousto-optic modulator, a 25 km fiber is used as gain medium 
for FBA. 
With our 10 GHz resolution optical spectrum analyzer it is not possible to resolve the 
amplification caused by FBA, because the SBS width itself is only about 10 MHz. Therefore, 
we constructed a Mach-Zehnder interferometer with the 25 km fiber spool in the measurement 
arm and used the other arm as reference, as shown in fig. (1). A variable attenuator is installed 
before the 25 km arm to adjust the input power for the 25 km fiber without changing the 
power in the reference arm. The pump laser is injected from the opposite end of the signal 
with frequency shifted νB = 10.972 GHz from the signal. We tuned the variable attenuator at 
the input of the 25 km fiber to produce different output powers, to simulate different fiber 
lengths. A photo detector is used to detect the heterodyne beat signal between the amplified 
light after the 25 km fiber and the light from the reference arm. This allows to measure the 
gain and the SNR of the device with a RF spectrum analyzer. 
For comparison we performed the same measurement for a bi-directional EDFA and a 
commercial single-pass EDFA and include the result in fig. (2). Note, the latter is not usable 
in the optical frequency transfer scheme, since bi-directional operation is required to 
compensate the fiber phase noise.  
Fig. 2 shows the gain (a) and the SNR (b) for different signal powers for the devices under 
test. Although both the bi-directional EDFA and FBA achieve almost the same SNR, the gain 
of FBA is significantly higher than that of the bi-directional EDFA. This is especially true for 
low signal powers. As an example, the gain of FBA is about 1000 times higher than that of 
the bi-directional EDFA for signal powers less than 50 nW. This level corresponds to the 
typical signal power after a distance of > 250 km (input power = 5 mW, attenuation = 
0.2 dB/km, wavelength = 1.54 µm). While the bi-directional EDFA thus only allows a span up 
to 120 km, FBA allows a span of approximately 250 km  between intermediate amplification 
stations.  
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Fig. 2: FBA in comparison to EDFAs (uni-directional and bi-directional) for different signal 
powers received at the ouput of a 25 km fiber: (a) gain (b) SNR. The spectrum analyzer 
bandwidth is 100 kHz. 
This opens two possibilities: using an additional fiber spool as discrete FBA-module is a 
suitable solution when operational or safety requirements forbid injecting more than a few 
mW optical power into the transmission fiber. However, when higher power levels are 
allowed in the installed transmission fiber, this fiber itself can be used as gain medium. In 
order to test this option of a distributed amplifier further, we performed measurements using 
FBA and the bi-directional EDFA on 148 km and 332 km of installed, commercial fibers. The 
installed dark fiber is buried and part of a wide-area network connecting PTB with other 
research institutes in Germany [7]. 
The 148 km fiber link consists of two 74 km fibers connecting Physikalisch-Technische 
Bundesanstalt (PTB) at Braunschweig to Institute of quantum optics (IQ) at Hanover. The 
332 km link consists of two 166 km fibers which go from PTB, Braunschweig, south-east to a 
network node near Coermigk/Halle as shown in fig. (6). Replacing the 25 km fiber spool by 
either the 148 km link or the 332 km link, the setup in fig. (1) is used to make the 
measurements shown in fig. (3). The measurements shows that for the 148 km link, intrinsic 
FBA achieves 18 dB more gain than our bi-directional EDFA. For the 332 km link, the 
difference is even larger: FBA gives 45 dB more gain than the EDFA. This result shows that 
FBA is more suitable for use in long fiber links. The Brillouin shift frequency is measured to 
be 10.974 GHz and 10.970 GHz for the 148 km and the 332 km fiber link, respectively, with 
only 4 MHz difference.  
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Fig. 3: Detected heterodyne beat power (RF) obtained with FBA and with EDFA, when 5 mW signal 
power are injected into (a) 148 km fiber (Ppump = 20 mW, νB = 10.974 GHz) and (b) 332 km fiber 
(Ppump = 40 mW, νB = 10.970 GHz). 
2.2 Phase noise 
One of the most important aspects in frequency transfer applications is how much additional 
phase noise is introduced by the amplifier to the signal propagating through the fiber. We used 
the Mach-Zehnder interferometer shown in fig. (1) to measure the phase noise of the bi-
directional EDFA and FBA. Fig. (4a) shows the measured phase noise for the free-running 
interferometer without (black line) and with installed EDFA (red circles ο). At low Fourier 
frequencies (f < 30 Hz) the EDFA possibly adds a small amount of phase noise – this is still 
less than 0.1 rad2/Hz at f = 1 Hz. We attribute this phase noise to the approximately 6 m fiber 
used as gain medium inside the amplifier. 
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Fig. 4: (a) Phase noise of the free-running interferometer without (black line) and with a bi-directional  EDFA  (red 
ο). (b) Phase noise of 25 km spooled SMF28 fiber without (black line) and with using FBA (blue ο). 
To measure the phase noise introduced by FBA, a 25 km fiber spool is used as FBA gain 
medium. Such a spool is quite sensitive to environmental perturbations, which results in phase 
noise. To reduce this effect, we put the spool inside an acoustic isolation box. Still, the 
measured phase noise for the unstabilized 25 km fiber (black line in Fig. 4(b)) exceeds one 
radian at frequencies below 10 Hz. With the pump laser turned on, we then measured the 
phase noise of FBA (blue circles ο). The phase noise due to the FBA process is less than that 
of the 25 km fiber alone, since both curves coincide. The total phase noise is less than that 
encountered on long fiber links. It can therefore be compensated with the standard technique 
[2, 5] if we assume that light traveling in either direction will experience the same phase 
noise. An experiment over a 480 km link demonstrating this is described in section 3.  
 
 2.3 Pump laser stabilization 
In order to keep the peak of the SBS gain spectrum matched to the frequency of the signal, the 
pump frequency needs to be stabilized relative to the signal frequency. This means that the 
frequency difference between both lasers equals the Brillouin scattering frequency νB (νB = 
10.970 GHz for the 148 km fiber). If pump and signal lasers are at the same site, a beat 
between the signal and the pump laser can be detected with a fast photodetector (bandwidth > 
11 GHz). The beat signal is then locked to a microwave reference. But this technique needs 
complex and expensive equipment, which handles GHz frequencies. Furthermore, this 
technique will not be applicable if the pump laser is located at an intermediate station. 
We have developed an simpler method based on the observation that the SBS power (DC) 
increases when it’s frequency matches the signal frequency. Although the signal power is less 
than 1 µW after the 148 km fiber, Fig. (5.a) shows the SBS power change when the signal 
frequency is swept over the SBS profile. We used this change as a discriminator to lock the 
pump laser at the peak of the curve which corresponds to the maximum amplification. A small 
modulation of the pump laser frequency can be used to lock the pump laser to the maximum 
of the SBS, using a lock-in amplifier.  
To determine the SBS center frequency change with temperature [16], we measured the 
temperature dependence of the 25 km fiber in the range from 16 oC to 25 oC. The SBS center 
frequency temperature dependence is found to be 0.4 MHz/K. Typical peak to peak diurnal 
temperature variations for a buried fiber (depth < 1.5 m ) are well below 1 K. Even if we 
assume an upper limit for temperature variations of about 10 K, the stabilization circuit can 
easily handle a pump laser frequency shift of about 4 MHz. 
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Fig. 5: (a) SBS power change when the signal frequency is swept around the SBS gain curve and a 
Gaussian fit (signal power is less than 1 µW after 148 km fiber) (b) Derivative of the SBS signal power. 
 
3. Frequency transfer over a 480 km optical fiber 
To transfer a stable optical frequency from one location to a remote user over an optical fiber 
link phase noise accumulated along the fiber as well as attenuation have to be compensated. In 
this section we describe the transfer of an optical carrier over 480 km using the fiber 
stabilization scheme described in [4, 5] and an amplification scheme that utilizes FBAs at 
each end of a 480 km fiber link and in one intermediate station only.  
The 480 km fiber consists of four commercial fibers with overall attenuation of 115 dB, two 
of them are connecting PTB, Braunschweig to Cörmigk with attenuation of about 70 dB and 
the other two connecting PTB to the Institute of Quantum Optics (IQ), Hanover with 
attenuation of about 45 dB. In this setup local and user end as well as the intermediate station 
are located at PTB, which allows easy testing. The light is sent in the first fiber (166 km) to 
Cörmigk, where it is returned to the intermediate station at PTB by fiber 2. The light is 
amplified and sent in the third fiber (74 km) to IQ, where it is connected to a forth fiber to 
return the light back to PTB (the user end).  
A transfer laser is locked to an optical frequency standard with the help of a femtosecond 
frequency comb. The transfer laser is used to transfer the stability of the frequency standard 
from the local to the user end, where it is used to measure the frequency of another laser or 
may be used for other applications. As acoustic and thermal fluctuations on the fiber link 
induce phase fluctuations on the light propagating in the fiber, a part of the light is reflected 
using a Faraday mirror at the user end back to the local end. A beat between the reflected light 
and a reference arm detects the phase noise introduced by the fiber link. A phase-locked loop 
(PLL) is then used to control an acoustic-optic-modulator (AOM1) to compensate this phase 
noise. AOM2 is used to discriminate light reflected at the user end by shifting its frequency 
from back scattered light in the fiber and back reflected light at the local end. The 
compensation system is shown in fig. (6).  
 
Fig. 6: Brillouin amplification in a frequency transfer system, AOM: Acousto-optic modulator, 
PD: photodetector, FM: Faraday mirror (for details see text).  
For a full round-trip in the fiber the signal accumulates 230 dB loss before it reaches the phase 
compensation detector PD1. In order to compensate this loss, we used two FBA amplifiers for 
pumping four fiber sections. FBA amplifier is used at the intermediate station to amplify the 
light in the return direction with pump power of 45 mW and in the forward direction with 
pump power of 30 mW. It is also used at the local end with pump power of 9 mW to amplify 
the return light and at the virtual user end with pump power of 18 mW to amplify the forward 
light. We used one amplifier for each direction because of the 80 MHz frequency difference 
between the forward and the return light introduced by the AOM. For the forward direction 
FBA2 is used with frequency MHzBoFPump 55+−= υυυ  and for the return direction FBA1 is 
used with frequency MHzBoRPump 25−−= υυυ . Where Bυ  is the Brillouin frequency and oυ  is 
the frequency of the transfer laser (signal). A part of the Brillouin-scattered light is directed by 
circulators to the DC photodetectors PD (3 and 4), where it is used to stabilize the frequency 
of the pump laser using the method discussed in section (2.3).  
A beat at the user end between the forward light and the light from a reference arm (out-of-
loop beat) indicates the 480 km fiber link stability. The signal is analyzed in the frequency 
domain with a FFT spectrum analyzer; in the time domain we use a Π-type frequency counter 
with zero dead time. 
The phase noise of the out-of-loop beat is measured before and after applying the 
compensation scheme by detecting the phase changes with respect to a reference oscillator 
using a digital phase detector, after division by a suitable ratio to keep the phase changes 
below one radian [17]. Fig. (7) shows the phase noise in (rad2/Hz) for the out-of-loop signal 
measured before and after applying the compensation. The phase noise reduction is 39 dB at 
1 Hz, which is near to the theoretical limit of 41 dB at 1 Hz predicted by Williams et al. [18], 
)(105.7)()2()3/1()( 25222 fSffSffS delayD φφτpi −×== , where Sϕ (f) is the phase noise of the free-
running fiber and f is the Fourier frequency. It is close to optimal (green ο in fig. 7) up to the 
compensation bandwidth of about 100 Hz. The compensation bandwidth is 1/4τdelay, where 
τdelay is the time for a single trip time in the fiber.  
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Fig. 7: Phase noise of the out-of-loop signal (OL) before (black dashed), and after (red solid) 
compensation. The green curve (ο) gives the theoretical compensation limit according to [19]. 
We used a Π-type frequency counter with 1 second gate time to measure the frequency in the 
time domain and used the Allan deviation (ADEV) as a statistical measure of the frequency 
stability [19]. Fig. (8) shows of the ADEV of the out-of-loop signal before (black O) and after 
(red o) the phase compensation. After applying the compensation, the stability of the 
transferred frequency reaches σy(τ) = 2×10-14 /(τ/s). This value is in good agreement with the 
value calculated from the phase noise (see Fig. 7). The ADEV curve follows a 1/τ slope and 
reaches a value of 2 × 10-18 after about 2 hours. Comparing the achieved instability for this 
480 km stabilized link with our previous measurements over 146 km [4], we observe excellent 
agreement with the scaling law (σy ∼ L3/2) derived in [18]. Thus the new measurements 
support our prediction [5] that we can achieve an instability of ~5×10-14/(τs-1) for a 900 km 
link connecting PTB Braunschweig and MPQ Garching. 
The mean value of the transmitted frequency is shifted from that of the reference laser by 
64 µHz with a statistical uncertainty of 54 µHz. The statistical uncertainty is obtained by 
dividing the standard deviation of the measurement by N since it is white phase noise and not 
by N , as discussed in [20], where N = 65000 is the total number of data points. 
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Fig. 8: Out-of-loop signal (OL) with compensated (red ο) and uncompensated phase noise 
(black O). 
4. Conclusion 
We have presented a fiber Brillouin amplifier (FBA) as an alternative to the currently used 
EDFA amplifier in frequency transmission applications. FBA offers bi-directional 
amplification with a SNR ratio comparable to that of the currently used EDFA and with high 
gain of about 50 dB, specially when the signal is very small (several nW). FBA phase noise 
was measured, and a simple and new method for stabilizing FBA pump laser was discussed. 
Finally, FBAs at the user and local ends and at one intermediate station only, were used to 
transfer an optical carrier frequency over 480 km fiber. The relative instability of the fiber link 
is σy(τ) = 2×10-14 /(τ/s) and reaches 2×10-18 after about two hours. Thus, the link will not limit 
a frequency comparison between today’s best optical clocks. Moreover, this is to our 
knowledge the largest distance bridged using only one intermediate amplifier station and with 
the lowest instability reported so far. 
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